Chemical imaging with Fourier transform infrared (FT-IR) spectroscopy allows the visualization of the distribution of chemical components in cells without the need for labels or added dyes. However, obtaining such images of living cells is difficult because of the strong absorption of water in the mid-infrared region. We report the use of attenuated total reflection (ATR) FT-IR spectroscopic imaging to study live human cancer cells in an aqueous environment, on a single cell level. Two complementary approaches have been used, providing flexibility with field of view and spatial resolution: (1) micro-ATR FT-IR imaging using a microscope objective with a Ge crystal, and (2) single-reflection diamond ATR-FT-IR imaging. Using both approaches, the ATR-FT-IR spectroscopic signatures allow the differentiation between several cellular organelles, e.g., the nucleus and the endoplasmic reticulum (ER). The overall cell shape can be defined by the distribution of the amide II band in the measured image, while the DNA-rich nucleus and glycogen-rich ER could be imaged using the spectral bands at 1084 cm À1 and 1023 cm À1 , respectively. We also demonstrate the potential of ATR-FT-IR spectroscopic imaging for unraveling the details of the dynamics of biological processes, which are not accessible from cell ensemble studies, with high molecular specificity and satisfactory spatial resolution.
INTRODUCTION
The potential of vibrational spectroscopy for analyzing biological objects, in particular cells, has been widely recognized. 1, 2 The great advantage of infrared (IR) and Raman spectroscopy is their unprecedented molecular specificity and sensitivity to structural changes, which may often be correlated to changes in biological functions. Applications span from studies of protein folding via temperature jump with timeresolved IR detection monitoring of amide band vibrations 3, 4 to spectroscopic imaging of biological objects, including imaging at the single cell level, 1, [5] [6] [7] [8] [9] with both IR and Raman spectroscopy. Fourier transform infrared (FT-IR) spectroscopic imaging can be thought of as ''chemical photography'' due to its ability to take chemically specific snapshots of a sample. 10 Spatially and time-resolved Raman spectroscopy was applied to study live yeast cells, 11, 12 fixed mammalian cells, 9 and cell death (non-imaging study) 13 in the natural aqueous environment. FT-IR spectroscopic studies of aqueous samples have been hampered until recently by the strong absorbance of water bands in the regions of interest (OH stretching and bending bands at approximately 3600 cm À1 and 1650 cm À1 ). An additional restriction in the infrared region is imposed by the intrinsically low spatial resolution achieved (10-20 lm) in transmission measurements due to the diffraction limit for infrared light.
Since IR spectroscopy can provide valuable information complementary to Raman spectroscopy, there is a strong drive to move this technology forward. Recently the complications arising from water present in live biological samples have been successfully overcome by using the ultra-bright synchrotron source for data acquisition. 14, 15 Subsequent subtraction of the water spectrum allowed the researchers to obtain IR spectral information on a single cell level in an aqueous environment. Although synchrotron infrared irradiation has been shown to have a minimal effect on living cells, 15 the measurements are experimentally challenging, with additional complications arising from cell motility (migration out of the measurement beam). 15 Apart from biological studies of fundamental interest, a significant research effort has been put into the development of FT-IR or Raman spectroscopic methods in order to distinguish healthy tissue from malignant and pre-malignant samples for early diagnosis of cancer. The motivation for this work comes from the fact that vibrational spectroscopic methods are fast, nondestructive to tissue, and rely on the intrinsic molecular vibrations of the molecules in the tissue and therefore do not require staining or addition of markers or labels. As such, vibrational spectroscopic methods are highly desirable for many clinical diagnostic applications.
The data available in the literature 2,16,17 document the differences in vibrational fingerprints of the tissues collected from groups of healthy individuals and patients with clinically confirmed malignant modifications. Additionally, FT-IR spectroscopy has been successfully used to detect the response of cultured cells to chemotherapeutic drugs, 18, 19 as well as being used in single-cell studies of apoptotic and necrotic cell death, including cell death induced by c-irradiation, chemotherapeutics, or toxic chemicals, [20] [21] [22] aiming to establish the signatures of growing cancerous tissue versus successfully treated tissue. Thus, on the one hand, vibrational spectroscopic methods have potential in nondestructive diagnosis of malignancy and, on the other hand, in detecting a patient's response to radiation therapy or chemotherapy in the clinic.
Since synchrotron radiation is not readily accessible, most FT-IR spectroscopic experiments on cell cultures, in particular those relevant to clinical studies, have been performed on dried samples in order to overcome the strong water bands and to allow the FT-IR spectroscopic measurements to be carried out in transmission mode. The dynamic processes, such as apoptosis or drug uptake, were studied by drying or fixing cultured cells at various treatment stages. However, this type of cell treatment poses significant disadvantages, since drying or fixing cells might lead to structural changes of key biological molecules. 5 Therefore, this approach does not report on the state close to that found in live cells in an aqueous environment, which could lead to distortion of features characteristic of malignancy. In particular, drying and fixation of cultured cells is expected to affect the meaningfulness of the study of dynamic processes pertinent to the cell cycle and function of organelles. It is highly desirable to be able to study the live cell cultures with FT-IR spectroscopy at the single cell level in a natural aqueous environment and furthermore to be able to detect the cell response to environmental stress in real time.
Attenuated total reflection (ATR), the measurement of the attenuation of the IR beam caused by the absorption of the evanescent wave during the internal reflection, 23 is the method of choice for studying samples in an aqueous environment. The effective path length of IR light in the sample is relatively small (a few micrometers) and is independent of the sample thickness. Therefore, minimal effort is required in the sample preparation. With this approach, absorbance of water bands will not saturate the signal received by the detector, thus allowing the analysis of other components that are within the depth of penetration of the evanescence wave (the depth of penetration is the distance at which the evanescent wave intensity exponentially decays to 1/e of its value at the interface), which is on the order of 1-2 lm with a diamond ATR crystal (refractive index, 2.4; angle of incidence, 458) in the fingerprint region of the infrared spectrum. 24 Our previous studies have shown that ATR-FT-IR imaging is suitable to study the dissolution of pharmaceutical formulations in water, in situ, without the need for microtoming. 10, 25 Furthermore, using a microscope objective with an ATR crystal, for example Ge, it was possible to achieve a better spatial resolution than that available in the transmission imaging approach (which is limited by diffraction of IR light in air). 26, 27 This enhanced resolution proved particularly useful in imaging of biomedical samples. We have also developed many applications using an ATR accessory with a diamond ATR crystal to obtain FT-IR images of various samples, with relatively high spatial resolving power (resolving spatial features as small as 12 lm), 24 that are otherwise difficult to obtain. 25 Herein we report on the use of ATR FT-IR imaging as a method to study live cells in their natural aqueous environment with satisfactory spatial resolution without the need for synchrotron radiation.
EXPERIMENTAL
Two complementary approaches have been used, providing flexibility with different fields of view and spatial resolution: (1) micro-ATR FT-IR imaging using a microscope objective with Ge crystal and (2) single-reflection diamond ATR-FT-IR imaging.
Micro-Attenuated Total Reflection Fourier Transform Infrared Imaging. Micro-ATR images were measured using an infrared microscope (Varian 600 UMA) equipped with a Ge micro-ATR objective in conjunction with an infrared spectrometer (FTS-60A, Varian) and a 64 3 64 focal plane array (FPA) detector. A spectral resolution of 8 cm À1 and 128 scans were used. The micro-ATR element can be removed from the objective and used for direct cultivation of cells on the measuring surface. A mini chamber as described in Fig. 1 has been created to hold a small amount of liquid (approximately 0.5 mL) at the measuring surface of the micro-ATR crystal. All equipment used was sterilized with 99% ethanol. The Ge crystal was coated with 0.01% poly-L-lysine (Sigma-Aldrich, UK) to improve cell adhesion. The background spectra were collected with clean Ge crystal.
Diamond Attenuated Total Reflection-Fourier Transform Infrared Imaging. A diamond ATR accessory (Imaging Golden Gate TM , Specac Ltd.) 24 was carefully aligned in a large sample compartment. The sample compartment was attached to the same spectrometer and FPA detector used for the micro-ATR imaging experiments. The spectrometer was also operating in continuous scan mode with spectra measured at 4 cm À1 resolution and 256 scans. The top plate of the diamond ATR accessory can be detached and placed in the incubator for the direct cultivation of cells on the measuring surface. A small chamber with a diameter of approximately 15 mm was fixed on the top plate. The chamber holds approximately 5 mL of solution with the diamond in the center of the chamber bottom ( Fig. 1 ). The diamond surface was coated with 0.01% poly-Llysine to improve cell adhesion. The background spectra were collected with clean diamond crystal. Spectral and spatial masking was performed using the Varian Resolution Pro (Varian) and ISys software (Malvern).
Cell Cultures. Epithelial cell line SK-OV-3 (human ovarian carcinoma, ECACC) was grown at 37 8C under 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 5% penicillin/ streptomycin antibiotics (Invitrogen, UK). Cells were passaged when 70-90% confluent. The suspension of cells was seeded on the measuring surface of the ATR crystal at a concentration of 1 3 10 5 cells/mL. Only well adhered cells were detected in ATR experiments due to the small penetration depth (a few lm). Cell death was induced by either a single injection of buffered solution of potassium cyanide (giving 1 mM as the final concentration of KCN) or exchange of the culture medium with an equivalent volume of phosphate buffered saline (PBS). The viability of attached cells was confirmed by the lack of membrane permeability to tryphan blue (Sigma-Aldrich, UK).
Fluorescence imaging was performed using a confocal laser scanning microscope (Leica TCS SP2), coupled to a continuous wave (CW) argon-ion laser (488 nm). The fluorescence emission of the ER tracker green (BODIPYt FL C 5 -ceramide complexed to BSA, Molecular Probes) in the cells was spectrally dispersed using a prism and detected using a photomultiplier tube through a 633 water-immersion objective (NA ¼ 1.2).
RESULTS AND DISCUSSION
The schematic of the ATR-FT-IR imaging experimental setup developed in this work is shown in Fig. 1 . Human cancer cells are seeded and grown directly on the ATR crystal, coated with a thin layer (without noticeable spectral contribution) of poly-L-lysine to allow effective cell adhesion. A significant variation in the quality of contact between the cell and the crystal would result in significant differences of the absorbance of the water bands, which was not observed in this work for the area where the cells were attached to the crystal. We attribute this fact to a good contact between the cells and the crystal, which is apparently improved by a very thin layer of poly-Llysine. The aqueous layer of the cell culture medium maintains the natural environment around adherent cells and can also be used as a medium to administer chemicals. Importantly, while cells are maintained in an aqueous environment, the abundance of water does not affect the IR spectra obtained from the adherent cells since the penetration depth of the IR light does not go beyond the thickness of the cell, while it does go deep enough to interrogate chemicals inside the cell through the cell membrane (ranging between ;1 to 2 lm at 1050 cm À1 depending on the ATR method used, which is significantly greater compared to the several nanometers thick cell membrane). Nevertheless, the intrinsic limitation of the ATR approach in the infrared region is that it will not probe components of the cell that may reside beyond a few micrometers from the surface of the crystal; this may be particularly important if the cells were not well adhered to the surface of the ATR crystal.
We first aimed to establish whether the ATR imaging method allows differentiation between different cellular organelles. For this purpose we have used the micro-ATR with Ge crystal (refractive index, 4), which provides the highest spatial resolution (2-4 lm) using FT-IR imaging, 26, 27 and a penetration depth of approximately 1 lm at 1050 cm À1 with an angle of incidence of approximately 308. We have analyzed the IR spectra of cells in the 1700-1000 cm À1 spectral region (Fig. 2, top) and several bands were identified that could potentially be used to differentiate between cellular organelles.
The amide I band (;1650 cm À1 ) is characteristic of proteins; however, this band position heavily overlaps with the intense absorbance band of water (bending mode) in this region as water is a major component within the live cell. In the present work the amide II band, 1506-1574 cm À1 , was used instead of the amide I band to image the location of proteins due to the minimal contribution from water in this region. The image in the bottom left panel of Fig. 2 was generated by plotting the distribution of the integrated absorbance of the amide II band at each pixel across the imaged area. Since relatively high concentrations of proteins are found throughout the cell, we expect that the image based on the amide II band will show the location of the adhered cells on the imaging surface, i.e., the cell contour (the area of attached cell). The resulting image indicates that adherent cells cover most of the imaged area, consistent with visual inspection (in transmission mode) through the microscope objective. Based on the analysis of the shape of the protein distribution, there are three cells captured within the imaging area in Fig. 2 and the size of each cell is approximately 30-50 lm, consistent with the size expected of a SK-OV-3 cell.
We have also created an image based on the integrated area of the band at 1084 cm À1 , due to the DNA/RNA phosphate backbone stretching vibration. 28 The resulting image is shown in the bottom middle panel of Fig. 2 . While there is a significant overlap between the amide II-based image and 1084 cm À1 band-based image, it is clear that the absorbance of the 1084 cm À1 band is not homogeneously distributed through the area defined by the cell contour (the area of attached cell) and shows an increased absorbance in certain cell areas. This can be explained by the high concentration of DNA in the cell nucleus. From these data we conclude that the location of the nucleus can be identified as the area where the absorbance of the 1084 cm À1 band is the strongest (depicted by two white arrows in the image). Phospholipids can also contribute to the absorbance in this region and this is why we observe non-zero absorbance at 1084 cm À1 outside the nucleus in the cell (where the highest concentration of phosphates is present, characterized by the highest absorbance of the band at 1084 cm À1 ).
Additionally, we have analyzed the absorbance variations of the 1023 cm À1 band through the image, which is not due to proteins or DNA. We have established that the relative absorbance of the 1023/1084 cm À1 and 1023/1550 cm À1 bands varies significantly throughout the cell image. A previous nonimaging study has employed the 1030/1080 cm À1 ratio as a marker for the metabolic turnover of cells. 29 We have also established that the strongest absorbance of the 1023 cm À1 band is found in the perinuclear area (see Fig. 2 , bottom right panel) and the spectrum extracted from this area corresponds closely to the IR spectrum of glycogen 30 (see Fig. 3 ).
Glycogen is a polysaccharide that is known to play an important role in the glucose cell cycle and energy storage for cells. Glycogen is known to be present in high levels in several cell types, in particular in liver cells (8%), but also in epithelial cells of the cervix and breast. 31, 32 Abnormal levels of glycogen in tissues has been previously detected and linked to an abnormality or disease, e.g., starvation in animals, 31 diabetes in human patients, or indication of neoplastic disease, detected by FT-IR spectroscopy. 2 It is therefore of clear benefit to be able to image the glycogen content on the single cell level in live cells without the need for using the staining assay. More importantly, this opens up the possibility of studying the dynamics of the cellular processes involving glycogen metabolism, unavailable with any other existing methods. Glycogen is known to accumulate in a cell in granules together with the enzymes necessary for its synthesis and degradation. There are several reports linking the site of storage of glycogen granules in the cell with the endoplasmic reticulum (ER). 31 Thus, we tentatively assign the area with the strongest absorbance of the 1023 cm À1 band to ER (Fig. 2, bottom right  panel) . This is the first example of imaging of ER in a live cell using a vibrational spectroscopy based imaging approach.
To ascertain that the ATR-FT-IR based images of SK-OV-3 cells can indeed be used to distinguish between different cellular organelles, we have recorded confocal fluorescence images of SK-OV-3 cells stained with ER tracker (see Fig. 4 ). While this marker stains ER (shown in orange) and to a certain extent cellular cytosol (shown in green), it does not stain the nucleus (which appears blue, the same color as the surrounding medium). There are clear similarities between the fluorescencebased images of SK-OV-3 cells and the ATR-FT-IR images of cells created based on the analysis of selected IR bands. The image generated using the 1084 cm À1 band in Fig. 2 shares similarities with the image of the nucleus, which is typically characterized by its oval shape with a diameter of approximately 15-20 lm. Since the 1084 cm À1 band has been previously assigned as the PO 2 À symmetric stretch from DNA, 28 our conclusions appear sound as the nucleus contains the highest concentration of DNA within a cell.
The brightest area based on the absorbance of the 1023 cm À1 band lies close to the area occupied by the nucleus in all the cells studied (see Fig. 2 and Fig. 5 ) and strongly resembles the shape of the ER when compared to the fluorescence image in Fig. 4 . As expected, the amide II band appears to image the cytosol of the cell, consistent with reports existing in the literature that the absorbance of the amide I and II bands (1660 and 1550 cm À1 ) does not significantly vary for different cellular organelles. 33 Note that the irregular shape of this larger area is consistent with the shape observed for viable SK-OV-3 cells in fluorescence imaging. Thus, the comparison between the confocal fluorescence image of cells and the micro-ATR FT-IR spectroscopic images obtained using the bands at 1550, 1084, and 1023 cm À1 validates the assignment of these bands to the different types of structures in the cell.
Once we have established the ability of ATR imaging to distinguish between different organelles in live cells, it becomes possible to study the in situ response of live cells to a change in their environment, e.g., addition of toxic chemicals or other forms of stress. Since glycogen is thought to be responsible for the energy storage cycle in a cell, we have chosen to study the effect of depriving the cell of the vital medium components by exchanging the normal cell medium (DMEM) for PBS. We then monitored the response of cells within the next three hours (see Fig. 5 ). In this experiment it was useful to test a different ATR approach with a larger field of view and somewhat lower spatial resolution (diamond ATR). In this approach, 25 diamond is used as the ATR element, which images an area of approximately 0.5 mm 3 0.6 mm with a spatial resolution of 15-20 lm, allowing many individual cells to be imaged simultaneously. Statistically this should allow us to observe the changes in cells with different initial contents of glycogen and/or a different rate of changes associated with removal of nutrients.
The series of images taken following the exchange of the culture medium for PBS simultaneously shows the transformation of the areas taken by protein (first column of Fig. 5 from the left), nucleus (second column), ER (third column), and the ratio of the third column image over the second column image (fourth column) over time. There are no major changes to the image of the protein or DNA distributions. However, the more drastic and faster changes occur in the area characterized by the high presence of glycogen, assigned to the ER. It is clear that there is a marked decrease in glycogen concentration after the exchange of the cell culture medium with PBS. This rapid change can be better monitored by examining the image obtained from the ratio of the 1023/1084 cm À1 bands (Fig. 5 , fourth column). These data clearly indicate that the content of glycogen in the cell decreases rapidly compared to the DNA content. The disappearance of glycogen-rich domains continues until the cells start to detach from the measuring surface (three hours after the medium exchange). The ratiometric image (fourth column) also demonstrates that the reduction in the absorbance of the band at 1023 cm À1 is not due to cell detachment, since the absorbance of the band at 1084 cm À1 remains virtually unchanged. In addition, we confirmed that the cells under study are still viable during the course of starvation by trypan blue exclusion assay.
We have also studied the effects of external stress on live cells such as KCN poisoning, causing the malfunction of mitochondria and leading to cell death. The series of images in Fig. 6 show that the absorbance of all corresponding spectral bands increased immediately after the addition of KCN solution to the vessel. The cause of the increase in absorption is still unknown. Nevertheless, it is clear that over the course of continuous observation, between 10 and 50 minutes following KCN addition, all bands show a small reduction in absorbance, which we assign to slow partial cell detachment. In a separate set of experiments (data not shown) in which KCN was not added, the cells remain adhered to the measurement surface of the ATR crystal over a much longer period (several hours). We have detected no major changes in the spectrum of human cancer cells during the KCN poisoning, which is consistent with the results of a recent conventional ATR-FT-IR spectroscopic study (ZnSe crystal) of cell death. 34 These results are complementary to the literature data based on KCN poisoning of bacterial cells monitored using Raman spectroscopy. 11, 12 The available literature reports indicate that only small differences are observed between the IR spectra of different cellular organelles, mostly reflecting variations in sample thickness, 33 even though the spectra of proteins, DNA, RNA, and lipids are distinguishable. 35 If correct, this observation diminishes the meaningfulness of IR imaging of single cells and makes observations of the mechanism of intracellular processes with IR spectroscopy virtually impossible. However, we have noted that these conclusions have been mainly reached in FT-IR spectroscopic studies of dried samples, which are deprived of the spectral signatures of life and are not capable of providing dynamic information pertinent to the living cell cycle. We have demonstrated that it is possible to capture FT-IR images of live cells in their natural environment with relatively high resolution. We have also demonstrated the possibility of chemically imaging live cancer cells in situ under chemical or other treatment, which opens up a range of opportunities for studying the effect of different drugs on live adherent cells.
CONCLUSION
The ATR-FT-IR spectroscopic imaging approach was applied to study live human cancer cells. This approach is limited to a probing depth of a few micrometers and can not probe components of the cell that may reside deeper from the surface of the crystal. However, it is important that this limitation is not significant in the case of cells that are welladhered to the crystal coated with a very thin layer of poly-Llysine. This allowed us to study live human cancer cells in an FIG. 5. ATR-FT-IR images of SK-OV-3 cell starvation, achieved by exchanging DMEM medium to PBS, measured using a diamond ATR imaging accessory. From the left, image columns 1 to 4 were generated based on the amide II, 1084 cm À1 band, 1023 cm À1 band, and the ratio of the 1023/1084 cm À1 bands. Image size is approximately 0.5 mm 3 0.6 mm. aqueous environment on the single cell level. We have successfully applied this advantage to monitor the decrease in the intracellular concentration of glycogen during cell starvation, a remarkable observation on the single cell level, which resembles what has been previously observed in liver tissue in animal models. 31 Additionally, this methodology has potential implications for learning more about cancer pathology as low levels of glycogen have been detected in dried breast tissue with confirmed malignancy. The small differences in IR spectra at various stages of the cell cycle or under conditions of lack of nutrients or cell confluency have been noted previously with IR microspectroscopy; 35, 36 however, these are shown with exceptional clarity using the presently reported approach at the single cell level. Thus, the methodology outlined in this report is accessible and could provide a convenient method for optimization of chemotherapy approaches and drug testing in the clinic.
